Splitting of Long- Wavelength Modes of the Fractional Quantum Hall Liquid at v = 1/3 
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Resonant inelastic light scattering experiments at v = 1/3 reveal a novel splitting of the long 
wavelength modes in the low energy spectrum of quasiparticle excitations in the charge degree of 
freedom. We find a single peak at small wavevectors that splits into two distinct modes at larger 
wavevectors. The evidence of well-defined dispersive behavior at small wavevectors indicates a 
coherence of the quantum fluid in the micron length scale. We evaluate interpretations of long 
wavelength modes of the electron liquid. 

PACS numbers: 73.20.Mf, 73.43.Lp 
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Key properties of the two dimensional (2D) electron 
liquid phases in the fractional quantum Hall (FQH) 
regime are embodied in the lowest energy neutral ex- 
citations in the quasiparticle charge degree of freedom. 
These dispersive collective excitations A(g) are built as a 
superposition of quasiparticle-quasihole dipole pairs sep- 
arated by a distance x = ql 2 , [l|, |2j, y, La, |5j , where q is the 
wavevector and Iq — (hc/eB) 1 / 2 is the magnetic length 
for a perpendicular magnetic field B. Although the ex- 
istence of dispersive modes in FQH systems is assumed 
in theories that represent FQH states as quantum fluids, 
the modes have been accessible experimentally only at 
special points in the dispersion. At the best understood 
FQH state at Landau level filling factor v = 1/3, the 
mode energies have been observed in the long wavelength 
limit by inelastic light scattering 0, Q ; at the magne- 
toroton minimum at ql$ ~ 1 by ballistic phonon studies 
and light scattering 0, ; and in the large wavevector 
limit by activated magnetotransport [nj, [ll|, [l^, [l3| and 
light scattering y|. 

Long wavelength excitations of FQH liquids are of ma- 
jor interest. Such modes manifest the macroscopic length 
scale of the electron liquid because the existence of a 
well-defined dispersion, which requires wavevector to be 
a good quantum number, is directly related to the ex- 
tent to which the system can be considered translation- 
ally invariant. Studies that map the dispersion in the 
long wavelength limit would shed light on the interplay 
between delocalized states that extend over macroscopic 
lengths and states that are localized, which is of funda- 
mental importance in the understanding of FQH systems. 

Probing the long wavelength dispersion may also clar- 
ify an unresolved issue in the excitation spectrum charge 
excitations at v = 1/3. It has been postulated that 
the lowest energy excitation at long wavelengths could 
result from a quadrupolc-like excitation built from two 
quasiparticle-quasihole pairs, called a two-roton bound 
state 0, Q, 0|. Recent evaluations 0, 0] have ex- 
plored the low-lying charge excitations at q — ► by com- 
puting the energy of a pair of bound rotons with oppo- 



site wavevector and found its energy to be below that of 
the q — > mode constructed from single quasiparticle- 
quasihole pairs. Because a quadrupole-like excitation is 
predicted to have a qualitatively different dispersion, ex- 
perimental determinations of the long-wavelength disper- 
sion provide a key probe of the character of the excita- 
tions. 

We report here the first observation of dispersion in the 
long wavelength modes of FQH liquids. By varying the 
wavevector k transferred to the 2D system in resonant 
inelastic light scattering experiments, we are able for the 
first time to probe the dispersive behavior of the lower 
energy charge excitations at v = 1/3 in the wavevector 
range Mq < 0.15. In the spectra we find a mode at the 
lowest k that splits into two distinct modes at Mq ~ 0.1. 
The appearance of two distinct branches in the mode 
dispersion reveals the complex nature of the excitation 
spectrum at small wavevectors, and is the first direct 
evidence of the existence of two different FQH excitations 
at long wavelengths. 

The evidence of dispersive long wavelength excitations 
provides a unique measure of the macroscopic length 
scale of the quantum liquid. From the changes in the 
modes for small changes in wavevector, we are able to 
infer that coherence in the quantum fluid occurs in large 
lakes with macroscopic characteristic lengths that are in 
the range of lOOZo and are in the micron length scale. It is 
remarkable that behaviors linked to translational invari- 
ance occur on this large length scale given that residual 
disorder must exist in the FQH state. 

The observed weak dispersion at long wavelengths 
offers unique experimental insights into the properties 
of the FQH li quid and is consistent with predictions 
H 110, El [Ulli]. Our results indicate that the long 
wavelength modes tend to converge as k — > 0, suggest- 
ing the modes may have some mixed character at small 
wavevectors jj^. At the largest wavevectors the higher 
energy excitation is damped, possibly because of interac- 
tions with a two-roton continuum |l5l Il7| . 

We present results from two 2D electron systems 
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FIG. 1: Inelastic light scattering spectra of low-lying long 
wavelength charge modes at v = 1/3 at various angles 9 in a) 
sample A and b) sample B. The spectra are also labelled by 
the equivalent wavevector k — [2uol / c)sin6 in units of l/lo- 
Gray arrows highlight the splitting of the single peak at small 
wavevectors into two peaks at larger wavevectors. Light gray 
lines show the background. Upper inset in panel a) shows the 
inelastic light scattering geometry. 



formed in asymmetrically doped GaAs single quantum 
wells. The 2D electron system in sample A (B) is 
formed in a w = 250(330)A wide well and has a den- 
sity of 9.1(5.5) x 10 10 cm- 2 with a mobility of 3.6(7.2) x 
10 6 cm 2 /Vs at 3.8(0.33)K. Finite well widths weaken in- 
teractions in the 2D system. In the simplest approxi- 
mation this is related to the ratio w/Iq. For samples A 
and B at v = 1/3 these ratios differ by approximately 
3%. Samples are mounted on the cold finger of a dilu- 
tion refrigerator with a base temperature of 45mK that 
is inserted into the cold bore of a 17T superconducting 
magnet. The normal to the sample surface is at an an- 
gle 9 from the total applied magnetic field Bt, making 
B = B T cosd. 

Light scattering measurements are performed through 
windows for direct optical access, with the laser power 
density kept below 10~ 4 W/cm 2 . The energy of the inci- 
dent photons col is in resonance with the excitonic opti- 
cal transitions of the 2D electron system 0,H3|- Spectra 
are obtained in a backscattering geometry, illustrated in 
the inset of Fig. f^,. The incident and scattered photons 
make an angle 9 with the normal to the sample surface. 
The wavevector transferred from the photons to the 2D 
system is k = k^ — k$ = (2uj l / c)sm9 , where &l(S) is 
the in-plane component of the wavevector of the incident 
(scattered) photon. This allows tuning of the wavevec- 
tor transferred to the 2D system by varying the angle of 
the sample. For a given 6 the value of Bt is tuned such 
that B corresponds to v = 1/3. Sufficient signal can be 
detected for 9 < 65° so that k < 1.5 x 10 5 cm _1 . In 
our samples at v — 1/3, this corresponds to fc^o < 0.15. 
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FIG. 2: Spectra from Fig. f^, andf^D with backgrounds sub- 
tracted. Gray lines show fits with two Lorentzian lineshapes. 



The uncertainty in the wavevector of the excitations is 
primarily set by the finite solid angle of collection (±7° 
from the vertical) and is less than ±0.01/^o- We therefore 
present results from spectra spaced by ~ 0.02/Z up to 
the largest accessible k. 

Figure^, shows light scattering spectra from the long 
wavelength charge density excitation at v — 1/3 for vari- 
ous values of 9 in sample A. The marked angular depen- 
dencies reveal that the wavevector of these excitations is 
equal to the wavevector transferred by the photons to the 
2D system (q = k). We see that the peak in the spectrum 
shifts to higher energy for small changes in wavevector. 
At the largest wavevector accessible at 1/3 in this sys- 
tem a remarkable splitting is observed. The two distinct 
modes are sharp (FWHM < O.lmeV) and are well sep- 
arated by O.lmeV. Similar behavior is also observed in 
sample B, although as seen in Fig. \})p the energy scale 
and the shift in the position of the peak is smaller. Be- 
cause smaller values of B are required to access v = 1/3 in 
sample B, we are able to probe the excitations at substan- 
tially larger klo. At the largest wavevector klo — 0.135 we 
see that the modes are considerably weaker and broader. 

The spectra in Fig. fl] offer the first direct evidence 
for the existence of two distinct FQH modes in the long 
wavelength limit at v = 1/3. A similar ^-dependent split- 
ting into two branches is not seen in other excitations. 
For example, the long wavelength spin wave || remains 
unchanged throughout the accessible wavevector range 
reported here. 

The dispersion of the FQH excitations provides a mea- 
sure for the length scale of the coherence in the quantum 
fluid. For the measurement of a well-defined wavevec- 
tor dispersion the change in light scattering wavevector 
Sk has to be larger than the wavevector spacing between 
modes 2tt/L, where L is a characteristic length in the 
fluid. The angular dependence reveals changes in the 
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FIG. 3: a) Energy difference between the two modes from 
samples A (red) and B (black) as a function of klo based on 
fits of spectra. The black bar at klo = 0.052 represents the 
uncertainty in the mode separation based on the linewidth of 
the observed single peak, b) Energy vs. klo for each individual 
mode. Open and closed triangles represent energies obtained 
by fits with two modes from samples A (red) and B (black). 
Error bars do not include the uncertainty in determining the 
zero-offset (< 5 x 10~ 4 e 2 /eZo) for each spectrum. The dashed 
lines are guides for the eye for possible dispersions of the two 
modes. 



modes for 6k ■ Iq ~ 0.02. We may define the lower bound 
on the macroscopic extent of the incompressible quan- 
tum fluid as L > 2it/5k ~ 2/im. It is interesting to note 
that the quantum fluid manifests the properties of trans- 
lational invariance on these large length scales even in the 
presence of the residual disorder that must be present in 
all FQH systems. 

In Fig. [21 we show the spectra from Fig. ^ with the 
backgrounds subtracted. Because two peaks emerge at 
larger wavevectors, we interpret the single broadened 
peaks at smaller k as unresolved doublets. These modes 
show similar dispersive behavior in both samples. To de- 
termine the mode energies, we fit all broadened peaks 
with two Lorentzian modes and label the lower (higher) 
energy mode A~( + -* (k). For the sharpest peak we use the 
center of the peak with the uncertainty in the underlying 
modes estimated by the peak width. 

The difference in energy between the peaks is shown in 
Fig. |2K as a function of klo- In both samples the modes 
move farther apart at larger wavevectors. This separa- 
tion is more pronounced at smaller klo in sample A. We 
interpret these two modes as two distinct branches of 
the the long wavelength charge density excitation for the 
FQH liquid: a) the long wavelength limit of the A(q) gap 



excitation \3L \4. la. Il8l and b) a two-roton state at long 
wavelengths jj Il4 Il5l Hil Il7| . In the long wavelength 
limit the A(q) mode is predicted to have a slight down- 
ward dispersion while the two-roton mode is expected to 
have an upward dispersion. This is in qualitative agree- 
ment with our observation that the separation between 
the modes increases with klo, though our results do not 
allow us to definitively resolve the dispersions of the in- 
dividual modes. 

It is intriguing that the two long wavelength modes 
seem to converge as k — > 0. Although A(q) is thought to 
have a purely dipolar character near the roton wavevector 
qn, calculations suggest that a purely dipolar mode would 
have significantly lar ger energy than a quadrupolar two- 
roton mode at k — » [lallZl]- This may indicate that the 
A(g) mode has a mixed character at small wavevectors, 
becoming purely dipolar only at larger wavevectors near 
the roton wavevector qn (lif. 

In Fig. we show the energy vs. klo relations for 
each individual mode as obtained from the fits, with the 
energy in units of e 2 /elo and the wavevector as kl - We 
have scaled down the energies from the higher density 
sample A by an additional 4% to account for the differ- 
ence in finite width effects, so that the mode energies 
are consistent as k — > 0. Included in Fig. 0b are possi- 
ble dispersions for the two modes that are qualitatively 
consistent with our results. The actual dispersion will 
be much more complex because it should include inter- 
actions between the quasiparticles and interactions with 
the continuum of states that is at slightly higher energies 

One measure of the two-roton binding energy can be 
obtained from a comparison of A(fc) — > and the roton 
energy A(g^). In Fig. 0]we show a light scattering spec- 
trum with excitations from critical points in the disper- 
sions at v — 1/3. We find that A(fc) is somewhat smaller 
than 2A(qn). The difference could represent a binding 
energy Eb = O.lmeV that is 10% of the total two-roton 
energy. As seen in Fig. the A + (fc) mode approaches 
the continuum of two-roton states at the largest k. In- 
teractions between A + (k) and the continuum may be 
responsible for the dramatic damping effects seen at the 
largest k and for the differences in the mode separations 
as a function of klo- 

In Fig. 01 additional excitations are seen at energies 
slightly below the roton energy A(qn). It is surprising 
to find a number of excitations near the roton because 
only a single critical point is predicted in the mode dis- 
persion in that energy range 0, 0, 0, 0, 0, 0SJ ■ These 
lower energy roton excitations A^, and A'^ do not yield a 
two-roton binding energy when compared to A(fc) — > 0. 
This suggests that although A^, and A^, may be related 
to roton excitations they would not contribute to the for- 
mation of a two-roton bound state. It may be possible 
for a more complex excitation to be built from a roton 
and an additional charged object, such as an additional 
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FIG. 4: (a) Spectrum at v = 1/3 with 6 = 30°. Arrows 
label assigned modes. A number of modes A(qn), A' R , and 
are seen in the range of the roton energy. Also indicated 
is the position of 2A(qn) and Eb- (b) Schematics for the 
quadrupole-like /S.2n{q) dispersion fl5Hl^| and the A(q) exci- 
tation [a. 141, Hil . which becomes dipole-like at qn. 



quasiparticle or quasihole |22|. Within such an interpre- 
tation, the highest energy roton mode A(qn) would be 
the neutral roton excitation and the lower energy modes 
A^j and A'^ would be charged roton excitations. The 
difference in energy between the A.(qn) and A^ modes 
is ~ O.lmcV. It is unlikely that these modes are rotons 
bound to impurities because they exists at temperatures 
well above the IK energy difference (not shown). 

Activated magnetotransport gaps [Tol Hl| , which are 
found to be lower in energy than the A(oo) modes with 
which they are normally associated |l3l l23| , overlap with 
the energy of the roton modes. The neutral roton is nor- 
mally not expected contribute to charge transport [23| . 
though the possibility has been considered [24| . However 
a charged roton excitation may be able to participate 
in such processes. This suggests a possible new role for 
roton excitations in magnetotransport in FQH states. 

In summary, we present the first experimental evi- 
dence of two long wavelength charge density excitations 
at v = 1/3 for Mq < 0.15. The existence of a disper- 
sion at long wavelengths implies that the FQH liquid 
is coherent on length scales in the micron range. The 
two observed branches of the long wavelength excitation 
spectrum could be associated with the long wavelength 
gap excitation A(q) at v = 1/3 that may have dipole- 
quadrupole character mixed with a two-roton excitation. 
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